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Bromophenol red (BPR) bmds to lysozyme and mhlblts Its activity against bacterial cell walls, but not 
against the polysaccharlde component of peptldoglycan The bmdmg site of BPR m the enzyme has been 
characterrsed by X-ray analysrs of the complex at 5 5A resolutron The new bmdmg sue, which 1s outside 
the cleft close to subsrte F, IS presumably mvolved m mteractrons with the peptrde component ofpeptrdogly- 
can, m the actron of lysozyme agamst bacterial cell walls 
Lysozyme Bromophenol red X-ray d~f’fiact~on U V absorption Addltlonal bmdrng site 
1. INTRODUCTION 
The lytrc activity of the well known enzyme 
lysozyme 1s explained m terms of the binding of the 
polysaccharrde component of the cell wall to the 
cleft between the two lobes m the protein molecule 
[ 1,2]. The cleft m hen egg white (HEW) lysozyme 
consists of 6 subsrtes, A-F, and each subsite ac- 
commodates a sugar residue. Cell wall lysrs takes 
place by the cleavage of the glycosrdic linkage be- 
tween the N-acetylmuramic acid residue (NAM) at 
subsite D and the N-acetylglucosamine residue 
(NAG) at subsrte E [2]. 
Although the mechanism of lysozyme action 
derived from X-ray studies was based exclusrvely 
on the bmdmg of NAG-NAM copolymer, it was 
observed that the intact polysaccharrde, obtained 
by the enzymatic removal of the peptide compo- 
nent of the peptidoglycan, was considerably resrs- 
tant to hydrolysis by HEW lysozyme, while the 
peptrdoglycan, the natural substrate, was itself 
readily hydrolysed [3]. It was also suggested that 
the presence of a substituted N-acetylmuramyl car- 
boxy1 group facilitates the hydrolysis of the 
nerghbourmg glycosidrc linkage [4]. Furthermore, 
activity of lysozyme against bacterial cell wall is 
strongly dependent on ionic strength and is af- 
fected by the modrfication of lysyl residues [5], 
whereas its activity against oligosaccharides 1s not 
[2,5]. Thus rt appears clear that the binding of the 
polysaccharrde to the cleft alone cannot satrsfac- 
tardy account for the observed patterns of 
lysozyme action. 
In the context of the above consideratrons, the 
recently reported studies on the bmdmg of 
phenolsulfophthalem dyes such as bromophenol 
red (BPR) and bromophenol blue (BPB) are of 
consrderable importance [6,7]. These studies show 
that the dye-bound enzyme 1s active against the 
polysaccharrde, but not against the natural 
substrate M. lysodelktrcus, suggesting thereby that 
the dyes bmd at a site Important to the enzyme’s 
action, outside the cleft. Here we report the X-ray 
characterrsation, at 5.5 A resolutron, of the bind- 
mg site of BPR and the solution studies that 
preceded the X-ray work. 
2. MATERIALS AND METHODS 
HEW lysozyme and 
Sigma (USA) and M. 
(USA). 
Pubhshed by Elsevrer Science Publishers B V (Blomedrcal Dwsron) 
00145793/85/$3 30 0 1985 Federation of European Blochemlcal Socletles 
BPR were obtained from 
1ysodelktm.s from Difco 
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2.1. Solution studres 3. RESULTS AND DISCUSSION 
Spectrophotometrrc studres on the dyes were 
carried out on a Be~kmann-DU8B spec- 
trophotometer using solutions m 0.04 M acetate or 
phosphate buffer. Lysozyme acttvtty against A4. 
lysoderktrcus at pH 4.6 was measured spec- 
trophotometrtcally at 450 and 700 nm. 
3 1. Solution studies 
The closed neutrat form (I) of BPR 1s favoured 
at low pH and the romsed open form (II) at high 
PH. The mhrbttion and the spectroscoprc studies 
2 2. Crysta~~o~rap~~c sfuhes 
Tetragonal ysozyme crystals, grown m the usual 
manner [8] from 0.04 M acetate buffer, pH 4 6, 
were soaked m BPR solutrons in the same buffer. 
The substttutron of the dye m the crystals was com- 
plete in about 75 days as evidenced by mtenstty 
changes m X-ray precession photographs. Intensr- 
ty data from the native crystals and the crystals of 
the dye derivative were collected on a CAD-4 four- 
circle diffractometer using graphite monochro- 
mated CuKa! radtatron up to a resolutton of 5.5 A. 
The data were corrected for Lorentz and polartsa- 
tron factors, and for absorption [9] Two eqmv- 
alents were measured from each crystal and the 
mtensmes were averaged. Two sets of data were 
collected from two separate derrvattve crystals and 
the results were scaled and averaged so that each 
intensity m the derivative data set was an average 
of 4 independent measurements. 
Data from the native crystals measured at Ox- 
ford, the refined atomtc parameters and the cor- 
responding phase angles were kindly made 
avarlable by Professor D.C. Philhps. The agree- 
ment between the Oxford native data and the 
native data measured at Bangalore was com- 
parable to the agreement between two symmetry 
equivalent sets. Several difference Fourier maps at 
5.5 A resolutton were computed using varrous sets 
of coefficients constructed by the appropriate 
combinations of Oxford native data, Bangalore 
native data, two sets of derivative data collected 
from separate crystals and the averaged derivative 
data set 
referred to earlier [6] were carried out at htgh pH 
ranges to ensure that the dye molecules were 
predominantly of the iomsed species. The primary 
arm of the present lnvestlgatlon IS the X-ray 
charactertsatton of the dye binding site. The 
tetragonal form, crystallized at pH 4.6, 1s the best 
known and the most thoroughly studied crystal 
form of lysozyme and it was therefore the obvrous 
choice for X-ray studres on dye bmding. It was 
thus important to ascertain the lonlsatlon state and 
the covalent structure of the dye at pH 4.6 and the 
variation of the tomsation state as a function of 
PH. 
The pH-dependent varratton of the absorbance 
of BPR 1s given m fig. I. The maxima at 439 and 
579 nm correspond to the neutral and the romsed 
forms of phenohc oxygens respectively in 
phenolsulfophthalem dyes [lo] and hence to the 
neutral and the romsed forms of BPR, respecttve- 
ly. The spectra indicate that most of the molecules 
are m the closed form at pH 4.6. 
Multrple-film 15” hk0 precession photographs 
were recorded from the natrve and the derivative 
crystals. The lntensltles were measured on a Joyce- 
Loebl 3CS manual microdensitometer and were 
corrected for Lorentz and polarrsation factors An 
hkO difference Fourier projectton at 3 A resolution 
was computed usmg these data 
The difference spectra correspondmg to dye- 
lysozyme interactions at pH 4.6 are shown m frg.2. 
The dtssoctatron constant obtained from the 
Htldebrand-Benesr plot 1s 3.1 x 10s4. The changes 
m absorbance indicate a slight shaft of the pK value 
of the dye towards the low pH stde on complexa- 
tion with lysozyme. Even tf the changes in absor- 
bance are interpreted as solely due to changes m 
tomsatton state, the proportton of molecules m the 
tomsed form works out to be roughly 10% at the 
maximum concentrattons of the enzyme. The pro- 
portton of molecules bound to lysozyme at thts 
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Flg.1. Vlslble spectra of BPR (3.71 x 10m5 M) as a 
function of pH. (A) pH 4.0, (B) pH 4.6, (C) pH 5 0, (D) 
pH 5.6, (E) pH 6 1, (F) pH 6.5, (G) pH 7 0, (H) pH 8 0, 
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Fig 2 Difference spectra of BPR (2 x lo-’ M) m the Fig 3 Superlmposed sections (c = -0 08 to 0 16 at 
presence of lysozyme at concentrations of (A) 0.0 M, (B) 
0 1 x 1O-3 
Intervals of 0 04) of a difference Fourier map computed 
M, (C) 0 15 x 1O-3 M, (D) 0 25 x 1O-3 M, with the averaged derlvatlve data and the Oxford native 
(E) 0 375 x 1O-3 M, (F) 0 5 x 1O-3 M, (G) 1.0 x 
lo-’ M 
data. An Interpretation of the difference density IS 
mdlcated (see text for details) 
concentration computed from the dissociation 
constant, however, works out to be about 75%. 
Thus ionisation of the dye does not appear to be a 
precondition for complexation; nor does complex- 
ation seem to lead to large scale ionisation at pH 
4.6. 
Lmeweaver-Burk plots for lysozyme activrty 
against M. lysoderktlcus and the inhibition of ac- 
tivity by BPR, both at pH 4.6, had a common m- 
tercept suggesting competitive inhibition by the 
dye. 
To summarise, the solutron studies indicate that 
the BPR molecules at pH 4.6 (a) exist 
predommantly m the neutral closed form, (b) bmd 
to lysozyme largely in this form and (c) mhibrt 
competitively the lytrc activity of the enzyme. 
3.2. X-ray characterrsatlon of the bmdrng site 
The dominant feature m all the 5.5 A difference 
Fourier maps was a connected set of density max- 
ima, illustrated m fig.3, outside the cleft of the en- 
zyme molecule. Peaks correspondmg to it ap- 
peared m the 3 A resolution hk0 difference Fourier 
proJection, computed using photographic data 
This feature has two components, a maJor compo- 
nent denoted by I and an extension of it denoted 
by II A prehmmary exammatron indicated that 
component I has roughly the right size to accom- 
modate a BPR molecule. 
The crystal structure of BPR itself is not 
available. However, we had earlier analysed the 
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crystal structure of bromophenol blue (BPB), a 
dibromo dertvattve of BPR [ 111. BPB in its crystal 
structure exists in the closed neutral form. BPR 
was assumed to have the same geometry as BPB, 
except for possrble rotations about single bonds A 
molecular model of the dye could then be built into 
component I of the difference density, with some 
minor admstments in the protein molecule. This 
plausible interpretation 1s also illustrated m ftg.3. 
Component II lies Just above (along the c axis) the 
guamdyl group of Arg 112 m a symmetry-related 
molecule. The atoms in this group have high 
temperature factors m the native structure. The 
observed density can be interpreted as having 
resulted from a movement of the group towards 
the dye molecule and its stabilisation due to m- 
teractrons with the dye. 
As shown m fig.4, the residues (from the same 
molecule) m the immediate neighbourhood of the 
dye are Arg 5, Lys 33, Ala 122, Trp 123 and Arg 
125. Other neighbours include Phe 34, Phe 38, the 
Ile 124 
P Arg 125 
Fig 4. A perspective drawmg showmg the residues m the 
nelghbourhood of the dye molecule which IS drawn m 
dark lmes 
main chain atoms of Ile 124 and possibly the side 
chain amide group of Asn 37. The binding site of 
the dye 1s thus partly hydrophobic and partly 
hjldrophtlic. The nature of the dye molecule 1s such 
that tt is likely to carry partial negative charges, 
particularly on the oxygen atoms, a sttuatton con- 
ducive to electrostatic interactions wnh baste 
residues such as Arg 5, Lys 33 and Arg 125 The 
oxygen atoms could take part m hydrogen bonds 
as well, although it is not possible to derive the 
details of these mteractrons from the present 5.5 A 
map. The dye molecule essentially contains 3 
aromatic rmg systems whrch could be expected to 
promote hydrophobic mteractrons with residues 
such as Trp 123. These observations are consistent 
with the results of solution studies which suggested 
that the binding process mvolves coulombrc as well 
as hydrophobic interactions [6]. 
3.3. Blologrcal rmphcatlons 
It 1s interesting to note that among the residues 
which interact with the dye molecule, Arg 5 1s in- 
variant in all known chtcken-type lysozymes [12]. 
Phe 38 and Trp 123 are conserved in most enzymes 
of this type, though m some they change to 
another aromatic hydrophobic residue, namely, 
tyrosme. Residue 34 (Phe m HEW lysozyme) 1s 
aromatic m all chicken-type lysozymes. Thus a 
substantial part of the bmdmg sate 1s well con- 
served, perhaps mdtcatmg its btologtcal rmpor- 
tance. As mentioned earher, HEW lysozyme 
becomes inactive against cell wall, but not against 
the polysaccharrde, when the lysme residues m rt 
are acetylated. The presence of Lys 33 m the bmd- 
mg site of the dye 1s obvrously stgmftcant u-r this 
context 
The dye binding site 1s sttuated outstde the cleft 
somewhat close to subsne F. This substte 1s oc- 
cupied by a NAM residue which in pepttdoglycan 
carries a pepttde fragment hat cross-links polysac- 
charade chains. It 1s possible that this peptrde frag- 
ment interacts with the new site. The possibility of 
a peptide fragment attached to a NAM residue 
situated outside the cleft and binding to the new 
site cannot be ruled out. In any case, the current 
understanding of the structure of the cell wall and 
the results reported here strongly suggest he new 
binding site to be a site of interaction with the pep- 
tide component of the pepttdoglycan. 
166 
Volume 186, number 2 FEBS LETTERS July 1985 
ACKNOWLEDGEMENTS [31 
We thank Dr S. Gurnam for bringing the 
problem to our attention. Our thanks are also due 
to Dr A. Suroha and Mr M. Islam Khan for help 
in carrying out spectroscopic measurements and to 
Professor J.G. Padayathy and MS Indira R. Mur- 
thy for help m the measurement of activity. We are 
indebted to Professor D.C. Phillips for making the 
native data, the refined parameters and the cor- 
responding phases available to use. This work is 
supported by the Department of Science and 
Technology, Government of India. 
[41 
[51 
161 
[71 
PI 
191 
REFERENCES 
1101 
[I] Blake, C C F , Johnson, L.N , Mau, G A., North, 
A C T , Phrlhps, D.C. and Sarma, R (1965) 
Nature 206, 757-761. 
[2] Imoto, T , Johnson, L.N , North, A C.T., 
Phtlhps, D C and Rupley, J.A. (1977) m* The 
Enzymes (Boyer, P D ed ) ~01.7, pp 666-920, 
Academic Press, New York. 
[ll] Veerapandtan, B , Salunke, D M. and VtJayan, M 
(1984) Acta Crystallogr C 40, 500-502 
[12] Jolles, P and Tolles, J (1984) Mol Cell Blochem 
63, 165-189 
Davis, R C., Neuberger, A. and Wtlson, B M 
(1969) Btochrm Btophys Acta 178, 294-305 
Krtshnamoorthy, G., Prabhananda, B S and 
Gurnam, S (1979) Bropolymers 18, 1937-1963 
Krtshnamoorthy, G and Prabhananda, B S (1982) 
Blochim. Btophys Acta 709, 234-246 
Stemrauf, L K (1959) Acta Crystallogr 12, 77 
North, A C.T , Phtlhps, D C and Mathews, F S 
(1968) Acta Crystallogr A 24, 351-358 
Carlson, J D. and Breslow, E (1981) Btochemtstry 
20, 5062-5072 
Strommger, L J. and Ttpper, D J. (1974) in: 
Lysozyme (Osserman, E.F et al. eds) pp 169-184, 
Academic Press, New York. 
Ghuysen, J H (1974) m. Lysozyme (Osserman, 
E.F. et al eds) pp.185-193, Academtc Press, New 
York 
167 
